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Selective Interference With the Maintenance of Location Information in Working Memory
Sandra Hale, Joel Myerson, Soo Hyun Rhee, Craig S. Weiss, and Richard A. Abrams Washington University
In 3 experiments, the nature of the events that interfere with spatial working memory was examined in order to clarify the roles of imagery, attention, and other processes in the short-term maintenance of location information. Looking and pointing at secondary task stimuli selectively interfered with memory for the locations of primary task stimuli. Secondary tasks that involved either mentally rotating primary task stimuli or making color or shape discriminations about primary or secondary task stimuli interfered with spatial working memory only if the required response was visually guided, but not if the response was verbal. Taken together, these findings support P.S. Goldman-Rakic's (1987) hypothesis regarding multiple representational domains and are consistent with known properties and connections of neurons believed to subserve the perception and maintenance of spatial information.
A working memory task may be defined as one that requires holding onto information for a short time while it or other information is processed. Baddeley has proposed that there is a working memory system, specialized for concurrent storage and manipulation of information that is engaged by such tasks (for a recent overview, see Baddeley & Hitch, 1994) . On the basis of studies of both intact and brain-damaged subjects (for a review, see Gathercole, 1994 ), Baddeley and his colleagues have divided the working memory system into three components: a phonological store for verbal information, a visuospatial sketchpad for visuospatial information, and a central executive that directs activities involved in manipulating and maintaining information in the two specialized stores.
Perhaps the most studied example is the role of covert articulatory rehearsal in refreshing information in the phonological store. Performing a secondary task that requires articulation of verbal material decreases verbal memory span, a finding consistent with the hypothesized role of subvocalization in maintaining verbal information (e.g., Baddeley, Lewis, & Vallar, 1984) . Much of the supporting evidence for the visuospatial component of Baddeley's model also comes from studies that use dual task procedures. These studies were designed to determine whether visuospatial and verbal working memory involve separate resources, and they have demonstrated that secondary verbal tasks interfere with memory for verbal information to a much greater extent than they interfere Sandra Hale, Joel Myerson, Soo Hyun Rhee, Craig S. Weiss, and Richard A. Abrams, Department of Psychology, Washington University.
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with memory for visuospatial information and that the converse is true for secondary visuospatial tasks (e.g., Logie, Zucco, & Baddeley, 1990) . That is, such tasks interfere with memory for visuospatial information to a much greater extent than they interfere with memory for verbal information.
The case for separate mechanisms for processing and maintaining verbal and visuospatial information has been strengthened in recent years by evidence from neuroimaging studies. These studies have demonstrated that different neural structures are active during verbal and visuospatial memory tasks (for a recent review, see Buckner & Tulving, 1995) . Neuroimaging (e.g., Haxby et al., 1991; Macko et al., 1982) and neuropsychological studies (e.g., Farah, Hammond, Levine, & Calvanio, 1988; Newcombe, Ratcliff, & Damasio, 1987 ) also provide a growing body of evidence that visuospatial processing itself involves at least two separate neural systems (Ungerleider & Mishkin, 1982) : a dorsal processing stream (so called because of target areas in posterior parietal cortex) for spatial location information and a ventral processing stream (so called because of target areas in inferior temporal cortex) for visual shape information. Recent research suggests that the dorsal and ventral streams project to separate areas of prefrontal cortex and that these prefrontal areas are specialized for the short-term maintenance of information about locations and shapes, respectively (e.g., Wilson, O'Scalaidhe, & GoldmanRackic, 1993 ).
Baddeley and his colleagues have discussed incorporating the distinction between visual and spatial processing into their model, suggesting that the visuospatial sketch pad may itself consist of two specialized subcomponents (Baddeley & Hitch, 1994) . In support of this division, Baddeley and Hitch cited not only the neurobiological evidence but also the results of psychological studies: Baddeley and Lieberman (1980) found that a nonvisual spatial task (i.e., tracking an auditory sound source while blindfolded) interfered with memory for the location of digits within a 4 x 4 matrix but a visual nonspatial task (i.e., brightness monitoring) did not, whereas Logie (1986) found that another visual nonspatial task (i.e., watching irrelevant visual patterns) interfered with a visual but nonspa-228 tial imagery mnemonic. Although these studies are consistent with the separate contributions of visual and spatial processing streams to working memory, they leave open the question of whether the secondary tasks interfere with the encoding, manipulation, or maintenance aspects of the primary memory tasks. Indeed, Morris (1987) has argued that interference with visuospatial working memory is confined to the encoding phase.
The locus of interference in dual task, working memory experiments is typically difficult to identify. For example, Logie et al. (1990) examined the effects of concurrent visuospatial tasks on recognition memory span for visuospatial matrix patterns. The spatial secondary tasks used in this study involved imagining a grid and mentally filling in squares as instructed aurally while simultaneously trying to perform the primary visual matrix memory task. The spatial secondary tasks significantly interfered with the primary matrix task but also interfered with a letter span task, although to a lesser degree. Because the secondary tasks were themselves spatial memory tasks, it is possible that the interference with the primary matrix memory task was due to the fact that the number of locations from both tasks combined simply exceeded participants' location span. In addition, both secondary tasks required participants' attention to be directed toward a mental image, and it is possible that by diverting attention in this way, these tasks may interfere with the encoding of primary task information.
If secondary tasks do interfere with maintenance of visuospatial information and not just with encoding, it has often been unclear what aspect of the secondary task would be responsible for the interference. Tresch, Sinnamon, and Seamon (1993) recently demonstrated a dissociation between working memory for objects and locations, providing further behavioral evidence of the separate visual and spatial processing streams known from the neurobiological literature. Because the secondary tasks were performed after the primary task information had been presented, rather than concurrently, it is unlikely that the secondary tasks interfered with encoding the primary task information. However, it is uncertain what aspect of the spatial secondary task actually produced the interference with location memory. The spatial secondary task required participants to determine which of 16 asterisks displayed on a video monitor moved very slightly every 150 ms. This task appears to involve visual search, and it is possible that either keeping track of the locations already searched exceeded participants' location span or the eye movements and shifts of visual attention involved in the search interfered with location memory.
Thus, the current evidence is somewhat vague on two points. First, what aspect of spatial working memory is typically disrupted by secondary tasks; is it the encoding or the maintenance of primary task information? Second, what aspects of secondary tasks are responsible for such interference: eye movements, attention shifts, or the fact that primary and secondary tasks share a common code or capacity? Indeed, Baddeley has considered many of these possibilities with respect to the nature of interference with visuospatial working memory (e.g., Baddeley, 1986) . One of his suggestions is that eye movements may interfere with the maintenance of visuospatial information because eye movements or their covert analog are involved in rehearsing or refreshing that information. He has also suggested that visuospatial information may be maintained in the form of mental images and that other images can interfere with information to be remembered. A related suggestion is that if eye movements do interfere with working memory, this may occur because they disrupt the mental imagery process. One further suggestion made by Baddeley is that the redirection of spatial attention may interfere with memory for spatial information. The purpose of the present effort is twofold: to evaluate the hypothesized roles of imagery, attention, and other processes in maintaining spatial information in working memory and, importantly, to relate the characteristics of events that do and do not interfere with the maintenance of spatial information to what is known about the neural basis for spatial working memory.
Experiment 1
The first experiment was designed to identify a means of selectively interfering with memory for locations. More specifically, the goal was to identify a secondary task that interfered only with the maintenance of location information, but not with encoding such information, nor with the encoding or maintenance of verbal information. To demonstrate that a secondary task interferes with spatial memory as selectively as a secondary task involving articulation interferes with verbal memory, we developed analogous procedures for measuring memory for locations and words that resulted in comparable levels of performance. Toward this end, we computerized the standard digit span task from the Wechsler Adult Intelligence Scale--Revised (WAIS-R; Wechsler, 1982) , substituting visual for auditory presentation, and devised a corresponding location span task that like the digit span task presented items one at a time and then tested participants' ability to recall a series of these items.
To interfere with maintenance but not encoding, the two secondary tasks each required participants to report the color of the memory items as they were presented. The fact that the identity of symbols is automatically encoded when participants are required to discriminate their colors is well known from studies of the Stroop task (for a recent review, see MacLeod, 1991) . It has also been shown that locations are automatically attended to when participants discriminate the colors or shapes of objects at these locations (Tsal & Lavie, 1988; . Thus, performing the secondary tasks should not interfere with encoding; rather, performing these tasks should have caused participants to attend to and encode the items to be remembered.
Following Brooks (1968) , the selectivity of interference by the two secondary tasks was manipulated by varying the nature of the response. That is, although both tasks required color discrimination, they differed in the way that participants reported the colors of memory items (i.e., by naming or pointing to a matching color). Thus, we hypothesized that the verbal secondary task would interfere with the memory for digits but not locations and that the spatial secondary task would show the opposite pattern. It should be noted that participants knew that they would not be required to recall secondary task information (i.e., the colors they reported). Moreover, because working memory for both shapes and colors is believed to be associated with a separate area of prefrontal cortex from that associated with working memory for locations (Wilson et al., 1993) , it was hypothesized that even if participants did maintain color information, this would not interfere with location memory.
Finally, in addition to assessing the effect of these secondary tasks on digit and location span (see Experiment 1A), their effect on memory for the location of specific digits was also assessed (see Experiment 1B). In this case, it was hypothesized that both saying color names and pointing would interfere with the combined span task. Of interest was not onlY the number of digits and their positions that could be recalled, but also the patterns of errors, with particular emphasis on the extent to which each secondary task increased errors in recalling the identity of memory items versus errors in recalling the location of these items.
Method Participants
The participants were 30 undergraduate students selected from a pool of volunteers maintained by the Department of Psychology, Washington University, in St. Louis, Missouri. All participants were native speakers of English and were not color-blind.
Apparatus
Software, written by the first author in Borland's Turbo Pascal and incorporating Genus PCX Toolkit routines for timing and controlling the display of the graphic files, was used to present stimuli on a NEC MultiSynch 2A color monitor under the control of a CompuAdd 286 computer. Participants initiated the presentation of each series of stimuli by pressing the lower button of a three-button response panel in which the buttons were arranged in an inverted triangle.
Stimuli
For all span tasks, the information to be remembered was presented, one item at a time. For the digit span task, each digit (10 mm x 14 mm) was presented in the center of a box (3.5 cm x 3.5 cm) in the center of the left half of the monitor screen (i.e., 5.0 cm from the left and 8.0 cm from the top). For the location and combined span tasks, respectively, each X (1.0 cm x 1.0 cm) and digit (8 mm x 10 mm) was presented in the center of 1 of the 16 cells of a 4 x 4 grid (7.0 cm x 7.0 cm) in the center of the left half of the monitor screen (i.e., 3.25 cm from the left and 6.25 cm from the top). A palette, consisting of a large circle (8.0 cm in diameter) and six inner circles (each 1.5 cm in diameter) arranged in a ring just inside the border of the large circle (i.e., 0.5 cm from the border), was presented in the center of the right half of the monitor screen (i.e., 3.0 cm from the right and 5.0 cm from the top).
In all conditions, the background color of the display was dark gray, and stimuli (i.e., digits orXs) were presented in one of six colors: blue, brown, gray, green, pink, or red. The border of the box surrounding the digits in the digit span task was black, and the lines of the grid in the location and combined span tasks were black, as were the borders of the circles making up the palette. In the spatial secondary task conditions, each inner circle of the palette was filled with one of the six different colors of the stimuli, listed above. In all other conditions, these circles were filled with the background color. The signal to recall consisted of either an empty white box (digit span task) or an empty white grid (location and combined span tasks) presented alone (i.e., without the palette) in the same location that was used during presentation of the digits or Xs.
For the digit span task, digits (1-9) were selected randomly with the constraints that all digits were selected with similar frequency, and no digit occurred more than once in a series. (The longest series consisted of nine digits.) For the location span task, locations for the Xs were selected randomly with the constraints that all locations were selected with similar frequency, and no location occurred more than once in a series. In addition, after a series was initially selected, it was discarded if the series as a whole combined to form an easily recognizable pattern (e.g., a straight line or a cross). For each item in each series, the color of the digit or X was selected randomly with the constraints that each color was selected with a similar frequency over the entire set of series and that the same color never appeared more than twice in a row within a series. For the spatial secondary task conditions, the locations of colors in the palette were selected randomly without replacement, with the constraint that each color was selected to appear in each location with a similar frequency over the entire set of series.
Conditions
No secondary task. Participants were exposed to a series of digits in a box, Xs in a grid, or digits in a grid, one by one. When the signal appeared, participants were required to recall the items in the series. In the digit span condition, participants were required to recall the names of the digits in the order they appeared. In the location span condition, participants were required to mark the locations in the empty grid with an erasable black marker but were not required to do so in any particular order. In the combined span condition, participants were required to write the digits in the empty grid in the correct locations but not in any particular order. Sample series for the digit and location span conditions, with and without secondary task requirements, are illustrated in Figure 1 .
Verbal secondary task. In addition to the requirements for the no-secondary-task condition, participants were required to indicate the color of each digit or X as it was presented by saying the color name aloud.
Spatial secondary task. In addition to the requirements for the no-secondary-task condition, participants were required to indicate the color of each digit or X as it was presented by pointing to the matching color in the adjacent palette.
Verbal plus spatial secondary task (combined span task only).
In addition to the requirements for the no-secondary-task condition, participants were required to indicate the color of each digit as it was presented by simultaneously pointing to the matching color in the adjacent palette and saying the name of the color aloud.
Procedure
Participants were exposed to 10 different conditions, that is, 10 different combinations of primary and secondary tasks: (a) digit span without a secondary task, (b) digit span with a verbal secondary task, (c) digit span with a spatial secondary task, (d) location span without a secondary task, (e) location span with a verbal secondary task, (f) location span with a spatial secondary task, (g) combined (digit and location) span without a secondary task, (h) combined span with a verbal secondary task, (i) combined span with a spatial secondary task, and (j) combined span with a verbal plus spatial secondary task. Experiment 1A comprised the first 6 conditions, and Experiment 1B comprised the remaining 4. To control for possible practice and fatigue effects, 15 participants were administered the conditions in the order listed above, and the other 15 participants were administered the conditions in the reverse order. In all panels, white is used to represent the dark gray background, and black is used to represent all other colors. So, for example, in the digit span with a spatial secondary task condition shown in the upper right panel, the first item in the series (i.e., the digit 9) appeared in green (not black), and the circles in the palette were of a different color (e.g., the top circle green, the next red, and so on).
At the beginning of each condition, participants received a brief set of instructions and an opportunity to ask questions. In addition, when a verbal secondary task was included, participants were shown the six possible colors and the color names on the monitor screen. For each condition, the experimental series were preceded by four practice series. For each of the digit span conditions, all of the practice series consisted of two items each. For each of the location and combined span conditions, the first two practice series consisted of one item each followed by two series of two items each.
Each series began with a small black fixation square (3 mm x 3 mm) outlined in white and located in the center of the screen. This square remained present until the participant pressed the lower button on the response panel. Following a 250-ms delay, the items in the series were each presented for 1,250 ms with a 250-ms interitem interval during which the screen was blank (i.e., the background color). After all of the items in the series were presented, the appropriate recall signal was presented. In the digit span conditions, participants were allowed a total of 0.5 s per item plus 1.0 s (e.g., 4.5 s for a seven-item series) to complete the recall of the series. In the location and combined span conditions, participants were allowed a total of 1.0 s per item in the series (e.g., 7.0 s for a seven-item series) so as to adjust for differences between the speed of vocal and manual responses.
Testing for all 10 conditions was conducted following the procedure used for the WAIS-R digit span. That is, participants were exposed to two sets of series of an initial length (three items for the digit span conditions and two items for location and combined span conditions), and if at least one of the series was correctly recalled, the length of the series was increased by one and participants were tested on two series at the new length. At the end of each pair of series, a query appeared on the screen as to whether testing should continue. The experimenter pressed the upper right response button to discontinue testing when the participant failed to correctly recall two series of the same length. Spans were calculated on the basis of the maximum series length for which at least one series was correctly recalled, without respect to performance on preceding series. If both series were correctly recalled at the maximum length, then the span was calculated as equal to that length. However, if only one series was correctly recalled at the maximum length, then the span was calculated as that length minus 0.5.
Results and Discussion

Experiment 1A
The mean digit and location spans of participants in Experiment 1A are shown in Figure 2 . A 2 (memory task: digits vs. locations) x 3 (secondary task: none vs. say vs. point) repeated measures analysis of variance (ANOVA) revealed main effects of both memory task, F(1, 29) = 11.60,p < .01, and secondary task, F(2, 58) = 16.79, p < .001, as well as a significant interaction, F(2, 58) --59.60, p < .001. The significant main effect of memory task is attributable to the overall slightly greater spans, averaged across secondary task conditions, on the verbal task (M = 6.58) compared with the spatial task (M = 5.94). Importantly, planned comparisons revealed that although there were significant effects of saying the color names on digit span and of pointing to matching colors on location span (bothps < .05), there were no significant effects of pointing on digit span or of saying on location span. These results represent a complete double dissociation, demonstrating that saying the colors and pointing to them have selective interference effects on verbal and spatial working memory, respectively. These results also demonstrate that although the response used to report a color discrimination may interfere, making a color discrimination per se does not interfere with either verbal or spatial working memory.
Experiment 1B
The mean combined (digit and location) spans of subjects in Experiment 1B are shown in Figure 3 . A one-way (secondary task: none vs. say vs. point vs. both) repeated measures ANOVA on the data from the combined digit and location span task revealed a significant effect of secondary task, F(3, 87) = 48.59, p < .001. Planned comparisons revealed that as hypothesized both saying the names of the colors of the digits and pointing to matching colors decreased spans relative to the baseline condition in which there was no secondary task (both ps < .05).
Although a post hoc Newman-Keuls test revealed that there was no significant additional decrease in span, relative to pointing alone, when participants both said the color name and pointed to a match, there was a marked change in the pattern of errors. As may be seen in Table 1 , the largest proportions of errors in all conditions were errors in location, but requiring participants to point to a matching color increased the proportion of these errors, whereas requiring participants to say the color name increased the proportion of errors in recalling the identify of the digits. Moreover, requiring participants to both say the color name and point to the matching color increased the proportion of incorrect digits relative to pointing alone. Taken together, the results of Experiments 1A and 1B indicate that just as a verbal secondary task (i.e., saying the color name) interferes with memory for verbal but not spatial information, a spatial secondary task (i.e., pointing to the location of a matching color) does not interfere with memory for verbal information but does interfere with spatial memory. E x p e r i m e n t 2
The second experiment was designed to test the hypothesis that pointing selectively interferes with memory for locations by interfering with the maintenance of a spatial image. Pointing is often accompanied by changes in fixation that occur so as to provide better visual guidance for the pointing Figure 2 . Mean digit and location spans from Experiment 1A. The labels SAY and POINT refer to the verbal and spatial secondary task conditions, respectively. movement. Baddeley (1986) has suggested that if, as is often hypothesized, visuospatial information is maintained in working memory by means of imagery (e.g., Baddeley, 1986; Kosslyn, 1980) , changes in fixation may result in interference with the visuospatial sketchpad component of working memory by disrupting the maintenance of images. According to this imagery hypothesis, interference with spatial working memory should also result from a secondary imagery task, regardless of whether this task involves eye movements because maintaining or manipulating an image for the secondary task should take resources away from maintaining the image for the primary spatial task. Therefore, the second experiment was designed to compare the effects of pointing with the effects of an imagery task that does not involve eye movements (i.e., mental rotation). Although mental rotation tasks in which the orientations of two novel stimuli are compared (e.g., Shepard & Metzler, 1971) involve frequent eye movements, mental rotation of a familiar shape such as a letter is not usually accompanied by eye movements (Just & Carpenter, 1976) . Therefore, the stimuli for the mental rotation task in Experiment 2 were letters. The primary memory task was to recall the locations of the letters. As each letter was presented, the secondary tasks required participants to report whether it was normal (i.e., facing forward) or the mirror image of a normal letter (i.e., facing in the reverse direction). Because discriminating between normal and reversed letters involves recognizing shapes, which is associated with a different neural processing stream than that involved in perceiving and remembering locations (Ungerleider & Mishkin, 1982) , we hypothesized that this process would have little or no effect on memory for locations.
In addition to being normal or reversed, the letter stimuli could be either upright or rotated. If interference with spatial working memory is due to the disruption of imagery, then spans in the present experiment should be reduced when the stimuli are rotated letters and the secondary task requires them to be mentally rotated to determine whether they are normal or reversed. This interference should occur regardless of whether this discrimination is reported by naming or pointing. However, interference should not occur if subjects simply have to report a normal versus reversed discrimination regarding upright letters. Thus, the imagery hypothesis predicts a significant effect of stimulus type on location span for both secondary tasks. Alternatively, if interference is caused by looking and pointing per se, there should be no effect of stimulus type for either secondary task, and spans should be reduced only when the normal versus reversed discrimination is reported by pointing.
As a control for task difficulty, the second experiment also examined the effects of degrading the upright letters. This manipulation was designed to increase the amount of time participants required to make a normal versus reverse discrimination so as to match the amount of time required when the letters were intact, but rotated. We reasoned that if mental rotation did interfere with spatial working memory, it would be possible to tell, on the basis of the effect of discriminating whether degraded letters were normal or reversed, regardless of whether the interference was due to mental rotation being an imagery task. That is, if interference only occurred with rotated stimuli, then this interference could be attributed to the fact that mental rotation involves visuospatial imagery. However, if both degraded upright letters and intact rotated letters produced equivalent interference, then this interference could be attributed to the fact that the increased difficulty of the normal or reversed discrimination took time or other resources away from the maintenance of spatial information.
Method Participants
The participants were 20 undergraduate students selected from a pool of volunteers maintained by the Department of Psychology, Washington University.
Apparatus and Stimuli
The apparatus was the same as in Experiment 1. For all conditions, letters (12 mm x 18 mm) were presented one at a time in the cells of a 4 x 4 grid (11 cm x 11 cm) displayed in the center of the left half of the monitor screen (i.e., 2 cm from the left and 5 cm from the top). In all conditions, the background color of the display was dark gray, the grid was black, and the stimuli were light red. Two adjacent circles (each 2.5 cm in diameter) appeared in a rectangle (6.5 cm x 3.25 cm) that was centered in the right half of the screen (i.e., 3.5 cm from the right and 8.5 cm from the top). For the no-secondary-task and verbal-secondary-task conditions, these circles were empty (i.e., filled with the background color). For the spatial secondary task conditions, these two circles each contained a letter, as described below. In all conditions, the signal to recall consisted of an empty white grid (without the adjacent circles) presented in the same location that was used during presentation of the letter stimuli.
For the three upright-letter conditions, the stimuli in the grids were either the letter F or the letter R presented upright and facing either in the normal, forward direction or in a reverse direction (i.e., mirror image letters). For the three rotated-letter conditions, the stimuli consisted of the same two letters presented at one of three orientations (45 °, 90 °, or 135 ° from an upright position) facing in either a forward or reverse direction. For the three degraded-letter conditions, the stimuli consisted of one of six different letters (S, Z, D, N, B, and G) presented upright and facing either in the normal, forward direction or in the reverse direction. In addition, each stimulus was degraded by the random placement of 16, 20, 24, or 28 lines. Pilot testing was used to determine the numbers of randomly placed lines necessary to obtain equivalent task difficulty. That is, different numbers of lines were used to degrade the stimuli until the average response time for a forward or reversed decision for the degraded stimuli was as long or longer than the average response time for the rotated stimuli.
For all three types of stimuli (i.e., upright, rotated, and degraded letters), locations were selected randomly without replacement (within a series) with the constraints that all locations were selected with similar frequency, and no location occurred more than once in a series. Samples of the three types of stimuli are shown in Figure 4 .
Conditions
No secondary task. Participants were exposed to a series of letters in a grid, presented one at a time in the cells of the 4 x 4 grid located on the left side of the screen. When the signal appeared, participants were required to recall the items in the series by marking their locations in the empty grid with an erasable black marker.
Verbal secondary task. In addition to the requirements for the no-secondary-task condition, participants were required to indicate, as each item was presented, whether it was a normal, forward,facing letter or a reversed, a mirror image of a letter by saying aloud either "forward" or "reversed." This was a decision that required no manipulation of the image in the upright and the degraded conditions. In the rotation condition, participants were told to make this judgment on the basis of whether the stimulus would be a normal letter (i.e., facing forward) or the mirror image of a normal letter (i.e., reversed), if it were upright.
Spatial secondary task. In addition to the requirements for the no-secondary-task condition, participants were required to indicate, as each item was presented, whether it was normal or reversed by pointing to the letter (displayed in one of the two circles on the right half of the screen) that was facing in the same direction. In the upright and rotation conditions, the letters in the circles were either the letter F or R in normal or mirror image form. That is, when the stimulus was an F, an upright, normal letter F and an upright, mirror image of the letter F were randomly assigned to appear in the two circles; when the stimulus was an R, a normal letter R and a mirror image of the letter R were randomly assigned to the two circles. In the degraded condition, the letters in the circles were a normal F in the upright position (used to indicate that the item in the grid was a normal, forward-facing letter) and a reversed R in the upright position (used to indicate that the item in the grid was a reversed, mirror image of a letter). The placement of these two letters in the circles was randomly assigned for each item with the constraint that, across each series, both letters occurred in both circles with approximately equal frequency.
Procedure
Participants' spans were measured under nine different conditions: (a) upright letters without a secondary task, (b) upright letters with a verbal secondary task, (c) upright letters with a spatial secondary task, (d) rotated letters without a secondary task, (e) rotated letters with a verbal secondary task, (f) rotated letters with a spatial secondary task, (g) degraded letters without a secondary task, (h) degraded letters with a verbal secondary task, and (i) degraded letters with a spatial secondary task. To control for possible order effects, 10 of the participants were exposed first to the three upright-letter conditions, then to the three rotated-letter conditions, and finally to the three degraded-letter conditions. The remaining 10 participants were exposed first to the three degraded-letter conditions, then to the three rotated-letter conditions, and finally to the three upright-letter conditions. In addition, all participants were administered the no-secondarytask condition for each stimulus type prior to the two secondary task conditions, but half of the participants received the verbal secondary task before the spatial secondary task, and the other half received the spatial before the verbal secondary task.
The procedure for presenting the instructions, the practice series, and the experimental series was the same as those used for the location span conditions in Experiment 1. The presentation times for the items in each series, interitem interval, and the time allowed to mark locations in the final grid were also the same as those used in the location span conditions of Experiment 1. Finally, spans were scored according to the same criteria described for Experiment 1.
Results and Discussion
The m e a n location spans of participants in Experiment 2 are shown in Figure 5 . A 3 (stimulus: upright vs. rotated vs. degraded) × 3 (secondary task: none vs. say vs. point) revealed a main effect of secondary task, F(2, 38) = 53.91,p < .001, and a significant interaction between secondary task and type of stimulus, F(4, 76) = 3.48, p < .05, but no main effect of stimulus type, F(2, 38) = 1.21. One-way A N O V A s of the effect Figure 5 . Mean location spans from Experiment 2. The label NONE refers to the condition with no secondary task, and the labels SAYand POINT refer to the verbal and spatial secondary task conditions, respectively~ of type of stimulus were conducted on the data from each secondary task. Importantly, there was no effect of stimulus type on location span when participants had to say whether the letter was facing forward or reversed, F(2, 38) = 1.46, contrary to the prediction of the imagery hypothesis. There also was no effect of stimulus type when participants had to point to a letter facing in the same direction, F(2, 38) = 1.58. However, there was an unexpected and theoretically uninterpretable effect of stimulus type when there was no secondary task, F(2, 38) = 4.14,p < .05. It is this latter effect that presumably was responsible for the interaction observed in the ANOVA that analyzed the combined data from all nine conditions. The results of Experiment 2 indicate that a secondary task requiring mental rotation does not necessarily interfere with memory for locations. Although mental rotation did interfere with spatial working memory when the secondary task response involved pointing, this was apparently because of the pointing and not the rotating. This follows from the fact that pointing resulted in interference with memory for locations regardless of whether mental rotation was required to determine the orientation of memory items. As shown in Figure 5 , verbal secondary tasks that required participants to determine which way letters were facing (i.e., to make a shape discrimination) produced little or no interference with location span relative to performance when there was no secondary task. This finding is consistent with the hypothesis that shape discrimination would interfere minimally with memory for locations because these processes are handled by separate neural processing streams. Finally, making normal or reversed discriminations regarding degraded letters did not decrease span relative to that observed when participants had to make such discriminations regarding intact, upright letters. Thus, allocating more time or effort to visual perceptual processes does not appear to interfere with the maintenance of spatial information in working memory.
Experiment 3
The results of the second experiment failed to support the hypothesis that spatial information is maintained in working memory through imagery. Baddeley (1986) has also raised the possibility that eye movements may disrupt visuospatial rehearsal not because they interfere with imagery, but because the rehearsal process consists of covert eye movements. According to this hypothesis, eye movements, or their covert analog, play a role analogous to that of subvocal articulation's role in maintaining verbal information. This hypothesis would predict that a secondary task involving eye movements should interfere with the visuospatial sketchpad component of working memory. Baddeley (1986) cites an unpublished experiment by Idzihowski, Baddeley, Dimbleby, and Park that supports this prediction. In their experiment, participants performed a secondary reaction time task in which they responded when a stimulus on a video monitor changed shape. In one condition, this stimulus was stationary, but in another condition it moved back and forth across the screen so that subjects had to move their eyes to track it. Simultaneously, participants were told the locations of digits in a 4 x 4 matrix, and when the secondary task required tracking, it reduced the likelihood that the locations of the digits could be recalled correctly. However, an earlier experiment showed that when the same visuospatial memory task was the secondary task, it interfered with visual pursuit tracking (Baddeley, Grant, Wight, & Thomson, 1975) . These findings suggest that concurrent tracking and visuospatial memory tasks compete for attentional resources and thus raises the question of whether the interference with visuospatial memory cited by Baddeley (1986) results from eye movements interfering with the maintenance of location information in working memory or whether it results from interference with the encoding of location information.
Our third experiment was designed to provide a further test of the role of eye movements in the maintenance of location information while interfering minimally with encoding. Participants were instructed to remember the locations of symbols in a grid and, after each item was presented, to simply look over at the edge of the screen and then back at the grid. An experimenter seated behind the subject monitored the subject's eye movements in a mirror placed next to the video monitor. In addition to testing whether eye movements can interfere with spatial working memory, the third experiment also tested whether the changes in fixation that often accompany pointing are sufficient to explain the interference that results from pointing, or whether eye movements, target identification, and pointing each make independent contributions to the effect of pointing on memory for location.
Finally, this third experiment makes it possible to evaluate the hypothesis that interference with spatial working memory is due to location information from a secondary task competing with primary task locations for representation in a limited capacity store. That is, in the present experiment (as in the previous two experiments), eye and pointing movements are made to the same location. Thus, pointing adds no additional location information beyond that associated with eye movements to the same target. Therefore, when the separate contributions of pointing and eye movements are assessed, if pointing causes an additional decrease in location span, over and above that from eye movements alone, this additional interference cannot be attributed to the limited capacity of the visuospatial sketchpad. Nor can any additional interference easily be attributed to interruption of a rehearsal process consisting of covert eye movements because overt eye movements would be expected to produce maximal interference with such rehearsal. Instead, separate contributions of looking and pointing to interference with spatial memory most likely would have to be explained in terms of the organization of the neural system responsible for perceiving and maintaining location information.
Method Participants
The participants were 20 undergraduate students from a pool of volunteers maintained by the Department of Psychology, Washington University.
Apparatus
The apparatus was the same as in Experiments 1 and 2 with the addition of a mirror placed facing the participant and adjacent to the video monitor, but at an angle such that the participant could not see any reflection. However, the mirror was positioned so that it was possible for the experimenter to verify that participants maintained their gaze on the left side of the screen when instructed to do so in the no-secondary-task condition but moved their gaze to the right side of the screen when instructed to do so in the eye movement secondary task condition.
Stimuli
For all four conditions, symbols (1.0 cm x 1.0 cm Xs and +s) were presented one by one in the cells of a 4 x 4 grid (7.0 cm x 7.0 cm) similar to that in Experiment 1, vertically centered and displayed at the far left side of the monitor screen (i.e., 1.0 cm from the left edge). A single square (1.75 cm × 1.75 cm), vertically centered and displayed at the far right side of the monitor screen (i.e., 0.5 cm from the right edge), was presented simultaneously with each grid. This square contained either an x or a +. Thus, there were four types of displays: x in one of the cells of the grid and x in the right-hand square, + in one of the cells of the grid and x in the right-hand square, x in one of the cells of the grid and + in the right-hand square, and, finally, + in one of the cells of the grid and + in the right-hand square. As in Experiments 1 and 2, the background color was dark gray, and the grid presented to signal recall was white. In addition, the grid and the right-hand square were aqua, and the symbols were light yellow. Within each series, locations in the grid were selected randomly with the same constraints as those described for the location span task in Experiment 1, and symbols were selected randomly with the constraint that all four types of display should appear with similar frequency.
Condi~ons
No secondary task. In this condition, participants were instructed to maintain their gaze on the grids as they were presented during a series and mark the locations where the symbols had appeared in the grid when the empty grid appeared at the end as a signal to recall the series.
Eye movement secondary task. In this condition, participants were required to shift their gaze from each grid after it was presented and gaze momentarily at the symbol in the square located on the right side of the screen and then return their gaze to the grid. As in the previous condition, participants were instructed to mark the locations where the symbols had appeared in the grid when the empty grid appeared at the end of each series.
Eye movement plus visual discrimination secondary task. In this condition, participants were instructed to shift their gaze as described in the previous condition. In addition, participants were required to decide whether the two symbols (the one in the grid and the one in the right square) matched and state their decision aloud, either "yes" or "no." As in the previous condition, participants were required to mark the locations of the items when the empty grid appeared at the end of each series.
Eye movement and visual discrimination plus pointing secondary task.
In this condition, participants were instructed to shift their gaze and state aloud whether the symbol in the grid and the one in the right-hand square matched. In addition, participants were required to touch the stimulus in the right square with their right forefinger when they shifted their gaze to the stimulus. Finally, participants were required to mark the locations where the symbols had appeared in the grid when the empty grid appeared at the end of each series.
Procedure
Half of the participants were administered the tasks in the order listed above, and the other half were administered the tasks in the reverse order. The procedure for presenting the instructions, the practice series, and the experimental series was the same as the procedure used for the location spans in Experiment 1. In addition, spans were scored according to the same criteria described for Experiment 1.
Results and Discussion
The m e a n location spans of participants in Experiment 3 are shown in Figure 6 . A one-way repeated measures A N O V A revealed a significant effect of secondary task, F(3, 57) = 17.40, p < .001. The results of p l a n n e d comparisons indicated that location spans were significantly smaller when subjects had to move their eyes between stimulus presentations than when there was no secondary task, and that spans were smaller when subjects had to point to a symbol at the edge of the screen and say w h e t h e r it matched the one in the grid than when they simply had to look over and say w h e t h e r the two symbols matched ( b o t h p s < .05). However, looking and saying whether the two symbols matched did not produce significantly smaller spans than looking alone.
These results indicate that although eye movements were sufficient to interfere with the maintenance of location information in working memory, pointing did make an additional contribution to the interference effect w h e n subjects had to both look at and point to an irrelevant location. This finding is contrary to what would be expected if interference effects were due to competition between the locations of primary and secondary task stimuli for representation in spatial working memory. Because the addition of the pointing response increased the interference effect without adding a stimulus Figure 6 . Mean location spans from Experiment 3. The labels LOOK, & SAY, & POINT refer to the eye movement, the eye movement plus visual discrimination, and the eye movement and visual discrimination plus pointing secondary task conditions, respectively. location to the secondary task, this finding is contrary to what would be expected if interference was due to competition between the locations of primary and secondary task stimuli for representation in spatial working memory. Interestingly, the process of comparing a secondary task stimulus with a primary task stimulus did not interfere significantly with spatial memory beyond the interference effect attributable to simply fixating the location of the secondary task stimulus. Thus, perceptual decision making of the type that might be involved in selecting a target for a pointing movement does not appear to contribute to the interference with spatial working memory, perhaps because such decision making primarily involves shape rather than location information.
General Discussion
The results of the present study demonstrate that verbal and spatial working memory may be experimentally dissociated through completely selective interference effects. Focusing on spatial working memory, the present experiments show that memory span for the locations of primary task stimuli decreased when participants had to look at and point to secondary task stimuli. In contrast, location span was not affected by having participants engage in mental rotation or by having them make color or shape discriminations involving either primary or secondary task stimuli.
The dissociation of memory for verbal and spatial information is consistent with Baddeley's (1986) model, which attributes the maintenance of verbal and spatial information to separate components of an integrated working memory system. Previous studies (e.g., Logie et al., 1990) have reported partially selective effects. That is, it has been shown that visuospatial secondary tasks interfere more with recall or recognition of visuospatial information and tasks that engage visuospatial working memory than with recall or recognition of verbal information or tasks that engage verbal working memory. Previous studies have also shown that the opposite is true for verbal secondary tasks (for a recent overview, see Baddeley & Hitch, 1994) . However, the present results are unique in demonstrating that pointing exclusively affects memory for locations and saying color names exclusively affects memory for digits.
The present findings are important in part because they help pinpoint the locus of the interference effects in the maintenance, rather than the encoding of information. This localization was achieved by using secondary tasks that encouraged either the automatic allocation of attention to or the encoding of the primary task information. The results of previous studies where secondary tasks were performed during presentation of primary task information are necessarily ambiguous with respect to the locus of interference. One study (Morris, 1987) that specifically compared a simultaneous secondary (tracking) task with one performed during a retention interval found interference with memory for locations only in the former condition and concluded that tracking interfered only with encoding. In contrast, the present findings demonstrate that when performance of a spatial secondary task that encourages encoding is alternated with presentation of spatial information for the primary memory task, eye movements and visually guided limb movements selectively interfere with the maintenance of location information in working memory.
The present results also indicate that mental rotation does not interfere with memory for locations; in contrast, pointing did interfere with location memory in all three of the current experiments. Mental rotation was used as a secondary task because it is generally assumed to be a spatial imagery task (Cooper & Shepard, 1973; Farah, 1988; Farah et al., 1988) and thus provided an opportunity to test the hypothesis that rehearsal of spatial information requires the use of imagery. However, the present findings suggest that mental rotation does not interfere with spatial working memory, contrary to the prediction of the imagery hypothesis. Logie et al. (1990) have reported that secondary imagery tasks do interfere with spatial working memory, or with the performance of tasks that require the use of spatial working memory. However, as discussed previously, we believe that the interference observed in the Logie et al. study likely reflects the effect of secondary spatial tasks on encoding, and not on the maintenance of spatial information.
Although not consistent with the imagery hypothesis, the present results are consistent with an alternative hypothesis in which rehearsal of spatial information involves covert eye movements or shifts in visual attention (Baddeley, 1986) . In all three experiments, secondary tasks that involved looking and pointing at another stimulus interfered with spatial working memory. In fact, in the third experiment simply looking at another stimulus was sufficient to interfere with location memory, although looking and pointing together produced an even larger interference effect. However, it should be noted that although the present findings are consistent with the idea that both looking and pointing can interrupt an active rehearsal process, they do not compel this conclusion. An equally plausible interpretation is that interpolated fixations and shifts of attention, like those in the current experiment, may simply displace or overwrite primary task information. It is in light of this ambiguity that we have referred to the present procedures as interfering with the maintenance of spatial information, rather than as interfering with spatial rehearsal. Quinn and Ralston (1986) reported that both active and passive movements of the hand to different spatial locations produced small but significant interference with memory for the identity and location of digits in a matrix. Assuming, as seems likely, that passive and active arm movements are both associated with shifts of spatial attention, Quinn and Ralston's finding suggests that it may be the locations that have been attended to rather than, or in addition to, eye movements per se that are represented in spatial working memory. Smyth and colleagues (Smyth, Pearson, & Pendleton, 1988; Smyth & Pendleton, 1989) have also shown that spatial movements interfere with memory for spatial locations. However, it should be noted that their procedure, like that of Quinn and Ralston, involves performing the interfering task or presenting the interfering stimuli simultaneously with presentation of the primary task stimuli and therefore, as Smyth points out (Smyth & Pelky, 1992) , are likely to reflect interference with encoding rather than interference with the maintenance of location information.
If, as we have suggested, most reports of interference with spatial working memory reflect interference with encoding, whereas those in the present study represent interference with information maintenance, then the picture that emerges is that the same types of events that selectively interfere with encoding also selectively interfere with maintenance. This picture is consistent with Goldman-Rakic's (1987) hypothesis regarding multiple representational domains in working memory and with what is now known about the neural architecture of the working memory system. Specifically, the dorsal and ventral streams (i.e., the separate neural pathways for processing information about shapes and locations), previously shown to remain relatively distinct in their afferent flow as far as the parietal and temporal lobes, have been found to continue on and project to separate target areas in the prefrontal cortex that may be specialized for the brief maintenance of different aspects of visuospatial information (e.g., Wilson et al., 1993 ). Brodmann's area 46, located on the banks and in the depths of the middle frontal sulcus in humans, and a corresponding area lining the principal sulcus of rhesus monkeys appear to be prefrontal target areas for location information (for reviews, see Goldman-Rakic, 1987; . The target areas for shape information (including patterns and faces) have been less well studied, but appear to be in a region ventrolateral to the prefrontal target region for location information Wilson et al., 1993) . Neuroimaging studies have revealed that in humans blood flow and activity are enhanced in posterior parietal and inferior temporal cortex during perceptual tasks (e.g., Haxby et al., 1991) and that adding a working memory component to such tasks results in additional enhanced blood flow and activity in the prefrontal targets of posterior parietal and inferior temporal areas Koeppe et al., 1993; McCarthy et al., 1994; Swartz et al., 1995) .
Goldman-Rakic and her associates, building on previous work by Fuster and others (reviewed in Fuster, 1995) , have recently reported several elegant experiments involving electrophysiological recording from behaving monkeys, which provide important clues to the nature of the enhanced activity in prefrontal cortex during working memory tasks. Specifically, although neurons in the principal sulcus and inferior convexity of macaque prefrontal cortex have similar response properties to neurons in posterior parietal and inferior temporal cortex, respectively, they differ in the temporal relationship between neuronal activity and stimulus presentation. Dorsal stream neurons of the prefrontal principal sulcus and posterior parietal cortex tend to respond to specific locations in contralateral visual space. In contrast, ventral stream neurons of the prefrontal inferior convexity and inferior temporal cortex tend to respond to the specific shapes or features of visual stimuli in the center of the visual field. However, whereas the activity of posterior parietal and inferior temporal neurons tends to be time-locked to the presence of specific visuospatial stimuli, the activity of many prefrontal neurons tends to be enhanced during the interval between presentation of a brief discriminative stimulus and the delayed occurrence of a signal to respond (e.g., Funahashi, Bruce, & Goldman-Rakic, 1989; Funahashi, Chafee, & Goldman-Rakic, 1993; Wilson et al., 1993) .
Consistent with Goldman-Rakic's (1987) hypothesis regarding multiple working memory domains, these findings suggest that the activity of some prefrontal neurons represents transient memorial representations of specific stimuli and that different neurons are capable of representing different aspects of visuospatial stimuli (Wilson et al., 1993) . It follows that if the activity of neurons representing the recent occurrence of a particular class of stimuli were to be interrupted, or if other neurons representing other stimuli or stimulus characteristics were to become active, then the transient memory of a particular stimulus might be lost. It may be noted that this is consistent with Hebb's (1949) original theory of short-term memory, updated to accommodate more recent data concerning the stimulus-specific response patterns of many cortical neurons. This stimulus specificity may help explain the selectivity of interference with information in working memory. It is well established that neurons responding to similar stimulus properties tend to be located together in the same cortical area (Van Essen, Anderson, & Felleman, 1992 ). An important consequence of such grouping is that it promotes not only cooperative, often excitatory interactions but also competitive, often inhibitory interactions (Szentagothai, 1983) , such as may underlie interference with working memory by secondary tasks having similar properties to the primary task (for relevant examples of inhibition in prefrontal cortical neurons, see Funahashi et al., 1989; 1991) .
In this regard, it is important to note that there are neurons in the macaque prefrontal principal sulcus that receive somatosensory input from posterior parietal areas, as well as neurons receiving visual input (Cavada & Goldman-Rakic, 1989a; 1989b) . In addition, the principal sulcus receives input from several thalamic nuclei and medial motor areas in cortex that may provide motor feedback for monitoring changes in position of the body, head, and eyes (Bates & Goldman-Rakic, 1993; Goldman-Rakic, 1987; Goldman-Rakic, Bates, & Chafee, 1992) . Thus, the kinds of competitive interactions between principal sulcus neurons that might be hypothesized to result in interference with spatial working memory are not limited to those between visuospatial neurons, but may also involve neurons that process motor and somatosensory information. If such inhibitory effects summate, this might explain why in the present study although looking at a given location interfered with memory for other locations, concurrently looking and pointing at a location other than the ones to be remembered resulted in even more interference.
The present speculations concerning the neurobiological basis for the present findings (i.e., interference with spatial memory by spatial secondary tasks, but not by nonspatial visual perception tasks, and the summation of interference by looking and pointing) may be viewed as complementary to speculations at the psychological level. Importantly, as in the central nervous system where connections are most often reciprocal, the flow of information between psychology and neurobiology is unlikely to be all one way. Just as emerging knowledge of the neural architecture of the working memory system may shed light on mechanisms underlying behavioral phenomena, so the behavior observed in cognitive studies may suggest new experiments with electrophysiological and neuroimaging techniques. For example, although neurobiological data concerning parallel processing of visual and spatial (not to mention verbal) information are consistent with the selectivity of interference effects, such effects have yet to be studied by cognitive neuroscientists.
Moreover, although limitations on the number of items that can be maintained in memory are one of the most fundamental characteristics of the working memory system, very little is known about possible neural bases for these constraints. Neurobiological experiments concerned with determinants of working memory capacity would seem quite feasible, as monkeys and humans show somewhat similar limitations on shortterm memory for nonverbal information (Wright, 1989) . For example, delayed response tasks, often used in electrophysiological studies of working memory, might be modified to include multiple targets to be fixated or touched. Important basic questions such as whether capacity limitations for different kinds of information are the consequence of similar constraints on underlying maintenance mechanisms may be profitably pursued at both behavioral and neural levels and the growth in scientific understanding might be all the more rapid as a result.
The present findings indicate that it is possible to isolate the properties of events that have purely selective interference effects on working memory for different kinds of information by using behavioral techniques. Focusing on memory for spatial information, this study demonstrates that the maintenance of short-term memory for locations is disrupted by looking and pointing at irrelevant locations, but not by verbal responses, mental rotation, or color-or shape-discrimination processes. Taken together with the results of previous studies, these findings suggest that both the encoding and maintenance of spatial information are selectively sensitive to the same types of disruption and that this selectivity is consistent with what is known about the neural architecture of the working memory system. Further research, both psychological and neurobiological, is needed to determine whether interference with spatial working memory is due to interruption of an active rehearsal or maintenance process or whether it is due to irrelevant location information overwriting the locations that were supposed to be remembered.
